Abstract Myasthenia gravis (MG) is an autoimmune disease associated with the production of autoantibodies against 1) the skeletal muscle acetylcholine receptor; 2) muscle-specific kinase, a receptor tyrosine kinase critical for the maintenance of neuromuscular synapses; 3) low-density lipoprotein receptor-related protein 4, an important molecular binding partner for muscle-specific kinase; and 4) other muscle endplate proteins. In addition to the profile of autoantibodies, MG may be classified according the location of the affected muscles (ocular vs generalized), the age of symptom onset, and the nature of thymic pathology. Immunopathologic events leading to the production of autoantibodies differ in the various disease subtypes. Advances in our knowledge of the immunopathogenesis of the subtypes of MG will allow for directed utilization of the ever-growing repertoire of therapeutic agents that target distinct nodes in the immune pathway relevant to the initiation and maintenance of autoimmune disease. In this review, we examine the pathogenesis of MG subtypes, current treatment options, and emerging new treatments and therapeutic targets.
Introduction
Myasthenia gravis (MG) is an autoimmune disease caused by the production of antibodies to components of the muscle membrane at the neuromuscular junction. Recent evidence suggests that MG is both clinically and immunopathologically heterogeneous, consisting of subtypes with different primary immune targets, disease manifestations, and treatment responses [1, 2] . In the most common type of MG, autoantibodies are produced that target the skeletal muscle acetylcholine receptor (AChR), reducing the number of functional AChRs, and causing morphological damage to the endplate membrane, resulting in the clinical phenotype of fatigable muscle weakness [2] . The situation with AChR-associated MG becomes more complicated as there are clinical and immunological differences in patients with thymic abnormalities (thymic hyperplasia vs thymoma) versus no thymic pathology [3, 4] . In the next most common form of MG, the immune target is the muscle-specific tyrosine kinase (MuSK), and the clinical disease, immunopathogenesis, and endplate pathology differ [5] . Other potential immune targets at the muscle endplate have been recently identified based on the presence of circulating antibodies. Importantly, treatment strategies appear to have varying efficacy in the various MG subtypes. While the disease usually responds to standard and nonspecific immunosuppression, current treatment paradigms frequently fail to control myasthenic weakness completely or are associated with significant morbidity because of the requirement for long-term immunosuppression. A better understanding of the immune derangements relevant for the particular MG subtypes and their respective specific immune pathway targets will be instrumental in developing new translational therapies that are more focused and therefore more effective and better tolerated.
MG Subtypes
Autoimmune MG may be subdivided based on the profile of serum autoantibodies, the age of onset, the presence or absence of thymic pathology, and the distribution of clinical weakness ( Table 1 ). The autoantibodies in MG target specific proteins of the postsynaptic muscle endplate (Fig. 1 ) causing a defect in neuromuscular transmission. The majority (approximately 85 %) of patients with MG have circulating antibodies targeting the skeletal muscle AChR. These antibodies are predominantly of the isotype IgG1 and IgG3 [6] , and are directly pathogenic, binding to and resulting in the loss of functional AChRs by 3 primary mechanisms: focal lysis of the endplate membrane via activation of complement; crosslinking of adjacent receptors promoting internalization and degradation; and direct blockade of the acetylcholine binding site (Fig. 2 ) [7] [8] [9] [10] .
In AChR-positive MG, the production of autoantibodies by pathogenic B cells is T cell-dependent. Although anti-AChR antibodies directly contribute to the degradation of AChR at the neuromuscular junction, autoreactive T cells provide help to B cells that synthesize anti-AChR antibodies [11, 12] . CD4+ T helper (Th) and T regulatory (Treg) cells recognize AChR epitopes in the context of major histocompatibility complex class II and exert a helper function on B cells to proliferate and differentiate into plasma cells.
Patients with anti-AChR-positive MG may be further subdivided into those with and without thymic pathology. Approximately 70 % of patients with MG with anti-AChR antibodies have thymic follicular hyperplasia, approximately 10 % have thymomas, and the remainder have a histologically normal or atrophic thymus gland [4, 13, 14] . The alterations of the immune system that occur with thymic hyperplasia versus thymoma are quite distinct.
In patients with thymic hyperplasia, there is evidence that the thymus is the primary site of immune sensitization to the AChR and may play a role in perpetuating the disease [15, 16] . Thymic follicular hyperplasia usually occurs in earlyonset MG and is characterized by the development of lymphoid germinal centers (GCs) containing a large number of B cells. The formation of these ectopic GCs may be triggered by a viral infection or other source of inflammation [17] , but this has not been clearly demonstrated. GC formation is associated with an overexpression of proinflammatory cytokines and a chain of events including enhanced α-AChR expression in thymic epithelial cells (TECs), recruitment of peripheral B cells, a dysfunction in Tregs, and, eventually, intrathymic autoantibody production [4] . Thus, the thymic GC environment in MG promotes the survival and differentiation of AChRspecific B cells and the production of antibodies [16, 18] . In patients with MG, corticosteroid therapy reduces the size and number of GCs in the thymus [19] . If thymectomy is effective in disease modulation, its effects are most likely related to the removal of thymic GCs. Thus, other therapies that disrupt GCs may produce similar effects without the need for surgery. The persistence of disease in patients who do not appear to respond to thymectomy might be explained by the escape of autoreactive cells into the periphery.
Tumors originating from the TECs are called thymomas, and are found in about 10-15 % of patients with MG [3, 4] , usually in patients with generalized MG with disease onset when they are >40 years of age. These tumors commonly express self-antigens such as the AChR and the large muscle protein, titin. Naïve effector T cells with AChR or titin reactivity may escape negative selection due to the abnormal thymic microenvironment created by the thymoma [14] . Alternatively, autoimmunization may actually occur in the thymus owing to expression of AChR by the tumor and the [20] . In either case, there is export of potentially autoreactive or Bprimed^T cells that have the ability to stimulate a B-cell response in the periphery. Not surprisingly, the autoimmune response may be self-sustaining in these patients, persisting even after the tumor is removed. MG associated with MuSK antibodies has unique clinical features such as prominent bulbar weakness, muscle atrophy, and relative sparing of ocular muscles [21] . The immunopathology is also quite different. Most notably, the pathogenic antibodies are of the IgG4 isotype and disrupt the neuromuscular junction without the activation of complement, leading to perturbation of the agrin-MuSK-rapsynAChR pathway [5, 22] . IgG4 antibodies are dynamic molecules that undergo Bhalf-antibody exchange^in vivo. As a result, most IgG4 molecules in the circulation comprise Fab arms with two different specificities (Bbispecific^) that form immune complexes and cannot cross-link antigens [23] . The trigger for the production of anti-MuSK IgG4 antibodies in MuSK MG is not known, and the role of T cells in the production of pathogenic anti-MuSK antibodies is incompletely investigated. Thymic pathology does not commonly occur in association with the disease [24] . The production of IgG4 antibodies in the setting of other immune responses appears to be driven, in part, by Th2 cytokines that mediate allergic responses [25] , but T cells in patients with MuSK MG have increased frequencies of Th1 and Th17 cytokines [26] . B-cell immunopathology in MuSK MG includes elevated B-cell activating factor (BAFF) and lower frequencies of interleukin (IL)-10-producing regulatory B cells [27] . Reports of remarkable responses to B-cell depletion suggest that short-lived B-cell lineage cells (? plasmablasts) expressing CD20 may sustain the disease (see below).
There are accumulating reports describing circulating antibodies to other endplate proteins, including the low-density lipoprotein receptor-related protein-4 [28, 29] , agrin [30] , rapsyn [31] , and most recently cortactin [32] . In many cases, these antibodies are seen in patients with anti-AChR or antiMuSK MG, so the definitive demonstration of their pathogenicity remains to be investigated. Finally, a subset of patients with MG who are seronegative for AChR antibodies using the conventional radioimmunoprecipitation assay have been shown to have antibodies binding to clustered AChR in a cell-based assay [33] [34] [35] . Early reports suggest these patients tend to have less severe disease but are otherwise similar to early-onset anti-AChR-positive MG, including the presence of thymic hyperplasia [34, 35] .
Present Management of Autoimmune MG
Despite recent advances in immunology and immunotherapy, the current treatment of MG relies primarily on generalized and nonspecific immunosuppression. Nevertheless, MG is one of the more treatable neurologic conditions, and most patients respond favorably to treatment [36] . However, high doses of corticosteroids are often needed to induce remission of disease and chronic treatment with immunosuppressive drugs is usually required to maintain disease control. The general management approach for MG includes early recognition, prompt treatment, support of bulbar/respiratory function, symptomatic treatment by pharmacologic enhancement of Fig. 1 The postsynaptic neuromuscular junction. Major components of the neuromuscular endplate are shown; antibodies to the designated proteins (★) have been described in autoimmune myasthenia gravis. ACh = acetylcholine; LRP4 = low-density lipoprotein receptor-related protein 4; MuSK = muscle-specific tyrosine kinase; AChR = acetylcholine receptor Fig. 2 Three mechanisms of endplate pathology in acetylcholine receptor (AChR) myasthenia gravis. (1) Antibodies bind to AChR and activate complement leading to focal endplate lysis; (2) antibodies crosslink adjacent AChRs leading to internalization and degradation; (3) antibodies directly bind to acetyl choline (ACh) binding site blocking access to ACh neuromuscular transmission, and immunotherapy. Treatment regimens should be individualized based on disease subtype and should take into account autoantibody status, thymic pathology, age, comorbidities, and disease severity. General treatment options include symptomatic therapy, rapid-acting or short-term immunomodulation, and long-term immunosuppression or thymectomy.
The first-line symptomatic treatment for AChR antibodypositive patients is the acetylcholinesterase inhibitor pyridostigmine. Cholinesterase inhibitors provide temporary relief of symptoms but do not induce complete or sustained relief of MG symptoms in most patients and do not affect disease progression. They may be sufficient for management of patients with nonprogressive mild or purely ocular disease. Patients with MuSK MG may not respond to pyridostigmine and higher doses may actually lead to increased weakness, thought to be due to desensitization of AChRs [37] .
As with many treatments in MG, support for the use of corticosteroids is largely limited to retrospective series. Based on the available evidence, approximately 70-75 % of patients treated with prednisone achieved either marked improvement or remission [38] [39] [40] . Prednisone is generally used when symptoms of MG are not adequately controlled by cholinesterase inhibitors alone. Prednisone is usually administered at high doses (0.75-1.0 mg/kg/day) for several months during the initial treatment of moderate or severe MG, and then gradually tapered or continued at low (often alternate day) doses for many years. Lower initial doses may be used in milder or predominantly ocular MG. A clinical response is usually evident in 2-3 weeks. Transient worsening of weakness has been reported to occur in approximately a third to half of patients treated with high-dose daily prednisone [41] . Therefore, hospitalization or administration of plasma exchange (PLEX) or intravenous immunoglobulin (IVIg) during steroid initiation is advised in the setting of significant oropharyngeal or respiratory symptoms.
Several immunosuppressant drugs are effective in MG (Table 2) . Azathioprine (AZA) is a purine antimetabolite that interferes with T-and B-cell proliferation, and is the immunosuppressant drug with the longest track record in MG. It improves weakness in most patients but benefit may not be apparent for 6-12 months. A prospective randomized study showed that the addition of AZA to prednisolone significantly reduced the dose of prednisolone required to maintain remission and reduced the number of treatment failures [42] .
Other immunosuppressant drugs used as steroid-sparing drugs in MG include mycophenolate mofetil, ciclosporin, methotrexate, and tacrolimus [43] . In general, these drugs are used in combination with corticosteroids with the intention of improving disease control so that the steroids may be reduced or discontinued. Mycophenolate mofetil may be chosen over AZA because of its favorable side effect profile; the others are mainly used when AZA is ineffective or poorly tolerated. Effectiveness and tolerability are variable and patient compliance may be suboptimal.
Effective use of immunosuppressants in MG requires a long-term commitment-few patients maintain improvement unless therapy is continued at effective doses. The long-term risk of malignancy is not established, but there are reports of an increased occurrence of malignancy in patients with MG and other autoimmune diseases receiving immunosuppression [44, 45] , so the minimal dose of immunosuppressant medications required to maintain control of the disease should be used.
IVIg and PLEX are used for acute severe exacerbations in generalized MG, to optimize strength before surgery or for rapid short-term immunotherapy. PLEX effectively improves strength in most patients with severe MG [46, 47] . IVIg is widely used for patients with exacerbating MG. Randomized controlled trials that show efficacy similar to PLEX [46] , and a double-blind, placebo-controlled trial in patients with MG with worsening weakness [48] , support its use in the clinic. Randomized controlled trials comparing IVIg with plasmapheresis have shown no significant differences between the two in treatment of an acute MG exacerbation [49] , but PLEX may have a faster onset of action and is the treatment of choice in MG crisis.
The absolute indication for thymectomy is the presence of a thymoma, owing to the risk of local invasion and its malignant potential; however, removal of the tumor often does not lead to remission or even improvement. Patients with thymomatous MG tend to have more severe disease [50] , and aggressive immunotherapy is usually required and should be carefully tapered after thymectomy. Anti-T-cell agents such as tacrolimus or ciclosporin may be more effective in these patients, as the disease is likely maintained by autoreactive T cells.
Thymectomy in nonthymomatous MG is usually considered a therapeutic option in anti-AChR-positive, generalized MG with disease onset before the age of 50 years, and some would also recommend it in patients who lack anti-AChR antibodies. A meta-analysis concluded that thymectomy was likely beneficial, and that it should be considered as a treatment option in selected patients with MG [51] . An international, randomized trial of thymectomy in nonthymomatous MG is being completed (NCT00294658), and will hopefully clarify this issue.
Most of the accumulated experience with treatment modalities in MG come from AChR-positive disease. In MuSK MG, there are a few important differences. As noted above, patients with MuSK MG often do not respond or may actually worsen with oral anticholinesterase drugs. There is often a remarkable response to PLEX, while the response to IVIg is often more modest [21] . Anti-MuSK antibody titers appear to correlate with severity of disease and response to immunotherapy [52, 53] . In contrast, AChR antibody titers do not reliably predict disease severity in individual patients [2] . While experience is limited, lipoprotein receptor-related protein-4-associated patients appear to be clinically similar to AChR-positive patients [54] , but currently there is no clear role for thymectomy.
Emerging Therapies and New Therapeutic Targets
There is a need to identify new therapeutic agents and targets for the treatment of MG, with the goal of improved, more focused treatment and fewer adverse events. A working knowledge of the immunopathogenesis of MG is required to identify specific immune targets relevant to the development and maintenance of MG (Fig. 3) . A few of the more promising approaches with compounds currently being tested in the clinic include targeting of T-cell signaling, B cells, and B-cell trophic factors, cytokine-cytokine receptor targeting, and complement inhibition. Other strategies with therapeutic potential based on experimental MG models include vaccination approaches, Fc receptor modulation, targeting B cell-T cell interactions, and targeting tissue-specific factors to enhance endplate regeneration.
T-cell Signaling Pathways and Tregs
Targeting of T-cell co-stimulatory and co-inhibitory pathways has become a major therapeutic strategy in the immunotherapy of autoimmune diseases, organ transplantation, and cancer [55] . T-cell responsiveness is determined by the recognition of a specific complex of peptide-major histocompatibility complex by the T-cell receptor in combination with engagement of co-signaling pathways that promote or inhibit T-cell activation, thereby fine-tuning the T-cell response [56] . CD28 (T cell-specific surface glycoprotein CD28) is the primary costimulatory molecule for CD4+ helper T cells and binds the CD80 (B7-1) and CD86 (B7-2) ligands that are expressed on antigen presenting cells (APCs), including B cells [57, 58] . CD28 co-stimulation increases T-cell responses in naïve cells by increasing cytokine production, mainly of IL-2, which binds to CD25 on T cells and promotes proliferation. CTLA-4 (cytotoxic T-lymphocyte protein 4 (CTLA-4) is a coinhibitory molecule expressed on CD4+ T cells upon activation, which also binds CD80 and CD86, and plays a critical role in the downregulation of antigen-activated immune responses [57] .
This pathway can be blocked using an immunoglobulin fusion protein, CTLA-4-Ig (abatacept), which binds to CD80/CD86 and blocks both activating (CD28) and inhibitory signals (CTLA-4). Abatacept has been tested in the clinic and has been shown to be effective and safe, and is currently used for treatment of rheumatoid arthritis (RA) [59] ; however, importantly, it failed to show efficacy in early-phase trials in multiple sclerosis (MS) and ulcerative colitis [60, 61] . This highlights the evolving concept that co-stimulation blockade with abatacept has differential effects, depending upon the type of T-cell response (effective for Th1 responses but perhaps not for Th2 or Th17-mediated disease).
As noted, there is evidence that AChR-associated MG is primarily mediated by Th1 T-cell responses, although there is [26, 62, 63] . There is additional evidence that CTLA-4 expression on T cells may be altered in MG [64] . Furthermore, a recent genome-wide association study in patients with AChR-positive MG identified an association signal at the CTLA-4 gene, suggesting that aberrant cellular mechanisms involving CTLA-4 may predispose to MG and that therapies targeting this pathway should be considered [65] . The above findings also suggest that there are genetically defined patients with MG that may be differentially responsive to abatacept or other related compounds. Upon activation, T cells express another co-stimulatory molecule referred to as the inducible T cell co-stimulator protein (ICOS), which, upon binding to the ICOS-ligand on APCs, further enhances T-cell activation and regulates both T-and B-cell responses [66] . ICOS is necessary for the development of experimental MG [67] , and its inhibition can ameliorate autoimmunity, including in diseases in which autoantibodies are produced [68] , suggesting that this may be a useful strategy in MG. Another co-stimulatory molecule induced upon T-cell activation is OX40, which binds to OX40L on the APC and enhances cytokine production, proliferation, and survival of T cells [69] . There is also accumulating evidence that the OX40-OX40L pathway controls the suppressive ability of Tregs [70] , and that OX40L expressed on dendritic cells can selectively expand Tregs [71] . Thus, targeting the OX40-OX40L pathway could be further investigated in MG.
Daclizumab is a monoclonal antibody that binds to CD25 thereby antagonizing the activating effects of IL-2 on T cells. This compound, originally developed for the treatment of leukemia, has been shown to be relatively well-tolerated and effective in MS [72] . However, IL-2 is critical to the production and function of Tregs, and daclizumab may potentially inhibit the function of these cells. Daclizumab may be considered for study in MG, but the potential for a deleterious effect due to an exacerbation of known Treg dysfunction in MG needs to be carefully contemplated.
A subset of T cells, CD4+CD25+ Tregs, plays a crucial role in maintenance of immune homeostasis against self-antigens [73] , as evidenced by individuals with mutations in forkhead box P3 (FOXP3), a transcription factor necessary for Treg differentiation and maintenance [73, 74] . In humans, a lack of functional Tregs leads to autoimmunity. An extension of these observations is that defects in Treg number or function may underlie the development of human autoimmune disorders. Importantly, Tregs have been implicated in preventing autoantibody production by self-reactive B cells [75] [76] [77] , and dysfunction or deficiencies of Tregs have been demonstrated in MG [63, [78] [79] [80] [81] .
The above findings suggest that therapies targeting Tregs have the potential to overcome autoimmune conditions (like MG) effectively. There are several agents [i.e., rapamycin, vitamin D analogues, granulocyte macrophage colonystimulating factor (GM-CSF); see below] that could be used to improve the function or enhance the numbers of Tregs [82, 83] . In addition, a number of currently used immunomodulatory treatments for MG, including corticosteroids and IVIg [84] [85] [86] , have been reported to induce an expansion of Tregs and/or an enhancement in Treg function. A fuller understanding of the mechanisms underlying these effects may be helpful in identifying novel treatment strategies. The idea of cellular therapy involving the adoptive transfer of expanded and/or enhanced Tregs has the potential to offer a very desirable and targeted therapy. A limitation that prevents therapeutic utilization of Tregs in autoimmune diseases is the relative difficulty in obtaining large numbers of Tregs. Activation of known co-stimulatory pathways such as the OX40-OX40L pathway, as well as cytokines and growth factors (see below), may allow for enhanced expansion of functional Tregs ex vivo, which can then be adoptively transferred as a potential therapy for human autoimmunity.
T cell-B cell Interactions
CD40 is expressed on APCs, including macrophages and dendritic cells, as well as B cells [87] . The ligand for CD40, CD154, or CD40L is expressed on activated T cells. Powerful modulation of autoimmune responses can be achieved through targeting of the CD40-CD154 (CD40 ligand) pathway. CD154-induced activation of B cells induces immunoglobulin class switch, antibody-secreting cell differentiation, as well as GC formation [87] . Treatment with anti-CD154 antibodies has been shown to suppress experimental MG and lead to a decrease in the AChR-specific humoral response [88] . The cytokine profile of treated rats suggests that the underlying mechanism involved downregulation of AChRspecific Th1-regulated responses with no significant effect on Th2-and Th3-regulated AChR-specific responses [88] . Owing to the occurrence of thromboembolic events in treated subjects, development of several humanized anti-CD154 monoclonal antibodies has been stalled in early clinical trials [89] . Subsequent studies have shown that CD154 functions as a stabilizer of arterial thrombi in a CD40 independent manner [90] , suggesting that targeting CD40 may allow for an immune-modulatory effect without affecting blood clotting.
Along these lines, several anti-CD40 monoclonal antibodies have undergone early clinical trials for B cell-related malignancy and autoimmunity, with favorable results in terms of safety and tolerability [91, 92] . As noted, the anti-AChR autoimmune response in MG is T cell-dependent, suggesting that disrupting CD40-CD154 signaling may be beneficial. In addition, CD40-CD154 signaling is essential in the formation of GCs and if the perceived therapeutic benefit of thymectomy in MG with thymic hyperplasia is due to the removal of ectopic GCs, blocking CD40 may potentially allow for GC disruption prior to or even without surgical removal of the gland [93] . However, in thymoma-associated MG, thymomaderived autoreactive T cells are released into the peripheral Tcell repertoire and become self-perpetuating even after removal of the thymoma, likely due to interactions with B cells in the peripheral lymphoid organs. These interactions could be potentially targeted through disruption of CD40-CD154 signaling as well.
There is evidence that both Th1 and Th17 T cells are involved and necessary for the AChR-specific B-cell responses in MG associated with anti-AChR antibodies [63, 94] . Therefore, targeting these cells would make the most sense in this MG subset but perhaps may not be effective in MuSKpositive MG, where the role of T-cell interaction with antibody-producing B cells, and the specific subset of T cells involved, is not as well characterized. However, one possible explanation for the robust response to B-cell depletion in MuSK MG is that short-lived, anti-MuSK antibody-producing plasmablasts are eliminated, and if this is true, targeting CD40 may also be effective in MuSK MG as CD40 signaling is required for B-cell differentiation into plasmablasts [87] .
Finally, there is growing interest in the role of T follicular helper (TFH) cells in providing B cells help during an immune response, and emerging evidence that the dysfunction of TFH cells potentially plays a role in autoimmunity by positive selection of autoreactive B cells [95] . An increased frequency of circulating Bcounterparts^of TFH cells has been observed in patients with MG, correlating with levels of anti-AChR antibodies [96] . Important interactions of TFH cells and B cells occur through the ICOS-ICOS ligand, programmed cell death-1, and programmed cell death ligand-1, and CD40-CD154, all of which may be targeted as noted above.
B Cells, B-cell Trophic Factors, and Plasma Cells
B cells are critical for the pathogenesis of all forms of autoimmune MG. Evidence from uncontrolled and/or observational studies suggests that B-cell depletion with rituximab may be an effective intervention in refractory MG, both for antiAChR and anti-MuSK-positive disease [21, [97] [98] [99] [100] . A controlled clinical trial of rituximab in anti-AChR MG is currently ongoing (NCT02110706). Second-generation anti-CD20 monoclonal antibodies that are fully humanized and with enhanced effector functions will also likely be tried in MG in the future [101, 102] . Targeting B cells may provide benefit in MG not only by reducing the numbers of antibodyproducing cells (the likely mechanism in anti-MuSK MG), but also by modulating other B-cell functions, including antigen presentation and cytokine production. Recently, a subset of B cells called regulatory B cells, or B10 cells, have been characterized based on their production of IL-10 and have been shown to function in the suppression of B-cell responses [103] . In addition, it has been shown that patients with MG may have fewer circulating B10 cells than healthy controls, appearing to correlate with disease severity, and that patients responding to B-cell depletion with rituximab exhibit more rapid re-population of circulating B10 cells [104] , suggesting a potential mechanism for the therapeutic effect. Future clinical studies of B cell-depleting agents should be accompanied by a thorough investigation of the immune response, including the B regulatory cell subset, assessing anti-AChR disease versus anti-MuSK disease and the associated changes in this B cell subset in response to B-cell depletion.
BAFF is a potent survival factor for B cells and plays an important role in their proliferation and differentiation [105] . Studies have shown that serum levels of BAFF are elevated in patients with AChR and MuSK MG, and that these levels may be particularly elevated in patients with active anti-AChRpositive disease [106, 107] . A human monoclonal antibody targeting BAFF, belimumab, has been approved for the treatment of lupus erythematosus [108] . Belimumab binds to soluble BAFF, rather than membrane-bound BAFF on B cells, and reduces B-cell activation and differentiation into antibody-producing plasma cells. B cell numbers are also reduced but not nearly to the extent observed with anti-CD20 monoclonal antibodies, such as rituximab. An international, phase II study of belimumab to assess its efficacy in patients with AChR and MuSK MG with generalized disease is ongoing (NCT01480596). Other compounds targeting B cells or Bcell trophic factors are in development for autoimmune disease and could be also be investigated in MG [109] .
Autoreactive memory plasma cells may contribute to the maintenance of autoimmunity in MG. Plasma cells predominantly reside in bone marrow and secondary lymphoid organs, rather than the peripheral circulation [110] . Thus, they are rare in the peripheral blood and relatively sequestered from tissue compartments available to therapeutics. Although not completely defined in MG, it is likely that plasma cells are resistant to most current oral therapies and that the gradual improvements observed with oral immunosuppressives may be reflected by this resistance and the slow impact on plasma cell populations. Recent experience with rituximab seems to suggest that 2 distinct populations of plasma cells have an immunopathological significance in AChR and MuSK MG. Rituximab treatment results in obvious lowering of MuSK autoantibody titers, whereas AChR autoantibody titers remain relatively unchanged [98] . This suggests that activated B cells, which express CD20, are the predominant source of shortlived plasma cells producing MuSK autoantibodies. The activated B cells are destroyed by rituximab in MuSK MG, leading to gradual reductions in plasma cells and autoantibodies and the dramatic clinical improvements often observed. In contrast, the current data showing that patients with AChR MG do not have as robust clinical responses to rituximab may be explained by autoantibodies produced predominantly by long-lived, protected, plasma cells. Thus, a strategy specifically targeting depletion of plasma cells may result in faster clinical improvements, either alone or as an induction strategy in combination with other immunosuppressive drug used to control the disease.
Bortezomib is a small-molecule proteasome inhibitor indicated for the treatment of patients with multiple myeloma and mantle cell lymphoma [111, 112] . By inhibiting proteasome activity in plasma cells, bortezomib disrupts proteolytic pathways leading to protein accumulation within plasma cells and ultimately cell death. It has been studied in animal models of autoimmunity, such as lupus and vasculitis, and has been shown to reduce autoantibody titers and improve clinical outcomes [113] . In experimental MG, bortezomib reduced antiAChR antibody titers, inhibited damage to the postsynaptic muscle membrane, and resulted in clinical improvement [114] . In cultures from thymus from patients with MG, bortezomib rapidly halted autoantibody production and depleted plasma cells [115] .
In patients with cancer, a prominent adverse effect caused by bortezomib is a sensory greater than motor peripheral neuropathy (about a third of patients). This potentially limiting adverse effect, which may be acceptable for patients with cancer, has mitigated enthusiasm for its use in autoimmunity. However, lower dosing regimens and less frequent or subcutaneous administration may reduce the incidence and severity of toxic neuropathy while still allowing for effective treatment of MG [116, 117] . The toxicity of these agents is clearly a limitation; however, next-generation proteasome inhibitors may provide a safe option for urgent treatment of severe MG.
Fc Receptor Modulation
Fc receptors are key players in the humoral and cellular immune response through their interactions with IgG, and have emerged as viable targets in the treatment of autoimmune disease. Antibodies of the IgG isotype interact with the immune system via Fcγ receptors expressed on immune cells, including B cells [118] . These interactions can provide both positive and negative regulatory signals and serve to modulate the immune response. Positive signaling occurs via a number of FcγR,s which have varying affinities for IgG Fc based on the IgG isotype [118] . Negative signals are mediated through the inhibitory FcγRIIb expressed on B cells, which upon engagement suppress B-cell activation. The neonatal Fc receptor (FcRn) functions as a chaperone for IgG in the adult, protecting it from catabolism and aiding its transfer into various cells [118] .
IVIg is known to have an effect on Fc receptors, and there is evidence that the therapeutic effect may be affected by the degree and type (sialylation) of glycosylation of Fc core IgG molecules. Engineering IVIg preparations to enrich for sialylation, for example, may enhance efficacy in autoimmune disease [119] . The effect of IVIg in MG and other autoimmune conditions has been attributed to the IgG Fc domains, likely through interaction with Fcγ receptors [120] . Along these lines, recombinant multimeric Fc molecules have been shown to have modulatory effects on the clinical course of experimental MG [121] . The beneficial clinical effects were accompanied by downmodulation of autoantibody responses, reduced B-cell activation, an expansion in FoxP3+ Tregs, and a significant increase in surface expression of the inhibitory FcγRIIB protein [121] . The advantages of this approach over IVIg would be a reduced volume load, enhanced availability, and potentially reduced infection risk.
Given its established role in the regulation of IgG metabolism, there is interest in targeting FcRn-IgG interactions as a strategy to lower endogenous IgG levels [122] . An FcRnspecific monoclonal antibody has been studied in passive and active models of rat experimental MG and shown to ameliorate symptoms and lower autoantibody levels [123] . Finally, another promising approach is the design of bispecific ligands targeting the inhibitory FcγRIIb and the B-cell receptor. Recently, a bispecific antibody (XmAb5871) was designed to bind the FcγRIIb via its Fc domain and also bind CD19 through a humanized Fv region. This antibody showed a potent inhibitory effect on suppressing humoral immune responses in humanized mouse models [124] .
Complement Inhibition
Eculizumab is a humanized monoclonal IgG antibody against C5 complement [125] . Complement is a component of the innate immune system that assists antibodies and phagocytes in clearing pathogens. In several autoimmune diseases, the interaction between complement and autoantibodies likely contributes to tissue damage. By binding to C5, eculizumab prevents cleavage to C5a and C5b and the generation of the terminal membrane attack complex (C5b-9). It is currently indicated for 2 rare diseases, paroxysmal nocturnal hemoglobinuria and atypical hemolytic uremic syndrome [125] .
Pathology studies have demonstrated complement deposition in the motor endplate region in AChR MG [126] [127] [128] . In addition, the autoantibodies in AChR MG are predominantly IgG1 and IgG3, which are known to activate complement [129, 130] . This knowledge provided part of the rationale for a placebo-controlled phase II crossover study of eculizumab conducted in patients with refractory MG, to determine safety and whether complement inhibition could ameliorate the disease, likely through minimizing complementmediated damage at the muscle endplate. After enrolling 14 patients, the trial was stopped early owing to slow recruitment. Nonetheless, the study demonstrated that eculizumab was well tolerated and significant reductions in quantitative MG scores were observed during eculizumab treatment [131] .
Cytokine, Cytokine Receptors, and Growth Factors
There is evidence that both Th1 and Th2 cytokines are involved in the pathogenesis of MG, and the relative contribution of each type of immune reaction likely differs for the particular MG subtype and probably for various stages of disease. Targeting Th1 cytokines such as IL-12 and tumor necrosis factor-α have produced promising results in experimental models but, owing to safety issues, have been difficult to apply in the clinic. As noted, accumulating evidence suggests that Th17 immune reactions play an important role in MG, and cytokines such as IL-17 and IL-6 may represent attractive therapeutic targets. Several human monoclonal antibodies directed against IL-17 are in development, including brodalumab (AMG 827), ixekizumab (LY2439821), and secukinumab (Cosentyx; Novartis, Basel, Switzerland). Clinical development of these humanized monoclonal antibodies has focused on psoriasis, where they have been shown to be effective [132, 133] . The contribution of IL-6 in MG is suggested by its activity as a promoter of B-cell differentiation and proliferation and in the induction of B-cell maturation into antibody-producing plasma cells [134] .
IL-6
−/− mice were found to be resistant to the induction of experimental MG [135] , and blocking IL-6 by administration of anti-IL-6 antibodies suppresses experimental MG [136] . Suppression of disease was accompanied by a decrease in the overall anti-AChR antibody titer and by a reduced number of B cells compared with control treatment. Additionally, toclizumab, a humanized monoclonal antibody targeting the IL-6 receptor, is on the market with established efficacy in RA and systemic lupus erthyematosus, as well as early promising results in neuromyelitis optica [137] [138] [139] . Other agents targeting IL-6/IL-6R are being developed and would offer potential efficacy in MG. GM-CSF is a cytokine acting as an important hematopoietic growth factor and immune modulator that has a profound effect on various circulating immune cells. Its effects on dendritic cell maturation and the enhancement of Treg function have been studied in the context of various autoimmune models [140] . GM-CSF has been shown to ameliorate experimental MG [141] [142] [143] , and to enhance the in vitro suppressive function of isolated Tregs from patients with MG [144] , possibly by upregulating FOXP3 expression in these cells. In a patient severely affected with MG who failed aggressive immunotherapy, treatment with GM-CSF resulted in increased FOXP3 expression in Tregs and improved ex vivo Treg-mediated suppression of T-cell proliferation following polyclonal or AChR-specific stimulation [145] . A pilot study to further assess the safety of GM-CSF in patients with MG would likely be the next step towards potentially expanding its use in patients.
Vaccination Approaches
The idea of tolerizing the immune system to the AChR by administering AChR peptides orally or nasally has been investigated in experimental MG models [146, 147] , but has been difficult to translate in the clinic. DNA vaccinations have also been proposed, but, as with peptide vaccines, a primary concern is the potential for exacerbation of the anti-AChR immune response. Recently, immunization with AChR cytoplasmic domains in adjuvant has been proposed as a promising antigen-specific therapeutic approach to MG [148] . As the cytoplasmic AChR epitopes are not expressed extracellularly and would not be accessible to the immune system, this approach may circumvent concerns regarding disease exacerbation. The mechanism of this approach in experimental models remains to be determined prior to application to the human disease.
Autologous Stem Cell Transplantation
The strategy of autologous stem cell transplantation as a therapeutic approach for refractory autoimmune disease is based on the idea that the transplanted immune cells will be Bresetâ nd free of autoimmune reactivity. This approach has been tried in a number of conditions, including MS, systemic sclerosis, systemic lupus erythematosus, RA, juvenile idiopathic arthritis, and immune cytopenias [149] . Reports suggest that patients have experienced long-term disease-free remissions and immune reconstitution studies have shown a resetting of the immune system. Treatment-related mortality and morbidity have been reduced in recent years but remains a concern. A trial of hematopoietic stem cell therapy in patients with MG is ongoing but not currently recruiting patients (NCT00424489).
Endplate-specific Factors and Muscle Contractility
An adjunctive approach to the treatment of MG is targeting of the endplate pathology itself. Theoretically, this would compensate for the blockade and destruction of receptors by pathogenic antibodies. Relevant agents would include those that upregulate synthesis, enhance function, or have neuroprotective effects on endplate proteins. The classic drug used in this way is pyridostigmine, which enhances neuromuscular transmission by inhibition of acetylcholinesterase, thereby prolonging the effects of acetylcholine at the neuromuscular junction. Recently, β2 adrenergic receptor agonists have been reported to provide symptomatic benefit in certain forms of congenital myasthenia [150] . The mechanism of action is not entirely clear but is believed to involve stabilization of AChRs at the postsynaptic membrane through protein kinase A (a downstream effector of β2 adrenergic receptors). Short-term treatment with the β2 adrenergic agonist albuterol was shown to improve weakness in a mouse model of anti-MuSK MG [151] , suggesting that this class of agents might provide benefit in human MuSK MG. 3,4-Diaminopyridine is another symptomatic therapy with potential application in MuSK MG. Exploring use of this drug, which enhances AChR release at the motor nerve terminal, in MuSK MG is supported by preclinical models, experience with congenital MG with MuSK mutations, and case reports [152, 153] . Other endplate targets with potential therapeutic application in MG include agrin potentiators and positive allosteric modulators of the skeletal muscle AChR [154, 155] .
Tirasemtiv is a selective fast skeletal muscle troponin activator. This small molecule binds to skeletal muscle troponin, thereby sensitizing the muscle to calcium and ultimately improving muscle strength under submaximal stimulation [156] . This approach has applications in several neuromuscular diseases, including as a novel symptomatic therapy for MG. A study of tirasemtiv in experimental MG improved grip strength and muscle force after single doses [156] . A small, short-duration, double-blind, randomized, placebo-controlled study in patients with anti-AChR MG showed improvement in the quantitative MG score at 6 h after 500-mg dosing [157] . Adverse events were generally mild and consistent with studies in healthy volunteers and other patient populations, most notably dizziness. Additional studies are required to demonstrate efficacy in MG and determine optimal dosing conclusively.
Conclusion
The current standard of care in MG mainly consists of generalized immunosuppression, is not antigen-specific, and is often not even selective in terms of immune cellular targets. The development of new, targeted therapies (based on the immunopathogenesis of MG) may help to improve quality of life in patients who suffer the side effects associated with the chronic use of currently used drugs. Importantly, disease heterogeneity in MG suggests that future therapeutic approaches should be tailored to MG subtype. Accordingly, testing of agents like the ones described should be done in as homogeneous an MG population as possible, which is often a difficult proposition given the relative rarity of the disease. Fortunately, specific targeting of nodes in the immunopathologic pathway, as suggested by the discussion above, will allow for the development of pharmacodynamic biomarkers, which may help to focus and shorten early clinical trials and more effectively identify agents appropriate for later-phase testing. An important caveat is that even focused modulation of the immune system may be associated with risks such as opportunistic infections, reactivation of viral infections, and impaired immune surveillance against malignancy. Thus, close monitoring is essential, and short-and long-term risk must always be weighed against potential benefit and prioritized in preclinical and clinical studies.
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